simultaneously heard on multiple PMRF hydrophones which renders the application of time-of-arrival methods relatively straightforward.
The first step in localization involves estimating either time of arrivals (TOAs) or time differences of arrivals (TDOAs) between hydrophones. Since the boings are stereotypical and well-separated in time, TOAs can be estimated and used here instead of TDOAs. In one dataset (2 hours from April 27, 2009), TOAs were estimated manually and provided by Steve Martin, SPAWAR. The second dataset (10 minutes from March 24, 2009) contained raw data provided by S. Martin. From this dataset, an automated boing detector was developed by University of Hawaii MS student Blue Eisen under supervision by E-M Nosal.
A model-based time-of-arrival (TOA) method [Tiemann et al. 2004; Nosal and Frazer 2007] that incorporates historical sound speed profiles is used for tracking. Model-based methods are advantageous for tracking since they can be efficiently implemented (by creating a look-up table of propagation times) and give more accurate position estimates than methods that assume constant sound speed profiles [Chapman 2004; Nosal and Frazer 2006] . For the 27 April 09 dataset, position estimates can be compared to estimates made my S. Martin using the 2D SPAWAR tracking system and to visual sightings made by T. Norris' Bio-Waves team aboard the Daribar.
WORK COMPLETED
The model-based marine mammal tracking method of Nosal and Frazer (2007) was modified for the PMRF hydrophone range and environment. Acoustic propagation for the area was modeled by raytracing based on hydrophone positions and a sound speed profile (Fig 1) derived from XBT data collected during the 2009 Bio-Waves field effort for depths above 760 m and historical data at PMRF for depths below 760 m.
For the April 27 2009 dataset, a minke whale was simultaneously detected on the PMRF phones and signted by the Bio-Waves field team. This sighting was chosen for further investigation and postprocessing. S. Martin provided TOA estimates for 20 boings that were input into the model-based tracker to get estimated animal positions. A simulated error map was created to better understand the importance of model-based methods for tracking minke whales in the 27 April 2009 dataset. The error map was created by using the modelbased method to simulate TOAs, then using these TOAs with a constant-SSP assumption (with 1500 m/s sound speed) to invert for whale positions. Figure 4 shows the resulting error magnitudes for horizontal source position due to the incorrect SSP. For animal positions within the array, the constant-SSP 2D TOA method gives accurate position estimates (within 50 m of the correct location). As the animal moves away from the array, errors increase exponentially to a maximum error of about 700 m for animals approximately 20-30 km from the center of the array. For animals beyond ~20-30 km, in the area shown in grey on the error map, errors increase suddenly and significantly; they are on the order of 10's of km (i.e. entirely incorrect). This is because an upward refracting SSP removes direct arrivals for source-receiver separations of more than about 30 km (Fig 5) . The constant-SSP TOA method assumes that direct arrival do still exist and gets confused by arrivals corresponding to multipath. Fortunately, for constant-SSP TOA methods that incorporate some method of error estimate, this limitation should become quickly evident to users by large errors or residuals. Since it accounts for refraction and multipath, the model-based TOA method does not suffer from this problem, and can consequently be useful for tracking distant animals. However, the model-based method does depend on well-known bathymetry and SSPs, which is not always available, and it is still affected by uncertainties in TOA estimates and receiver positions. A few notes on this error map are in order. First, error maps are functions of the number of hydrophones, the relative positions of the hydrophones, the environment (sound speed profile, bathymetry, and so on), and animal depth. This means that the error map created here applies only to the specific situation in question and that a new error map must be created for difference environments and configurations. Furthermore, because the purpose of this error map was to show the expected difference between positions derived by model-based methods and constant-SSP methods, error caused by uncertainties in receiver position and estimated TOAs are not accounted for in this map. Moreover, the map assumes that the depth of the animal used in the 2D constant-SSP TOA method is correct. However, an incorrectly assumed animal depth will further increase errors in practice. Detections from the 10 minute 24 March 2009 dataset were input into the model-based minke whale tracker. Position estimates indicate 5 animals near the array. 4 of the animals emitted only 1 boing in the 10 min of data; 1 animal emitted 2 boings in the 10 min. Although this is clearly a very limited dataset, it hints at long (~10 min) inter-boing intervals. This is consistent with number of boings detected by S. Martin in the 27 April 2009 dataset; 20 boings from the same animal over 2 hours gives an average inter-boing interval of 6 min.
RESULTS
The importance of using model-based tracking increases with the range of the animal from the hydrophones, with hydrophone spacing, and with increasing complexity of sound speed profiles. The importance of using a model-based tracker also depends (among other things) on bathymetry, animal depth, hydrophone. For very distant animals, direct-arrival assumptions made by constant-SSP TOA methods can result in entirely incorrect position estimates and error estimates should be used to alert users to this problem. Since they account for refraction and multipath, model-based TOA can be useful for tracking distant animals when constant-SSP TOA methods fail. For the minke 27 April 2009 PMRF data analyzed here, the MM3 2D tracker gave similar boing position estimates to the modelbased tracker; location estimates for the 20 localized boing were within 300 m of one another and on average within 150m of one another. The localized boings were within the range for which direct paths exit and for which the constant-SSP TOA method is expected to give reasonable position estimates (Fig. 4) . A minke boing detector was implemented. It is based on a spectrogram kernel that is correlated in dimensions of both time and frequency to account for the observed variation in boing frequencies.
IMPACT/APPLICATIONS
The detection and tracking methods developed in this project are useful for monitoring and studying minke whale bioacoustics and behavior in the wild. Tracking results can be used to establish detection ranges and calling rates that are critical in density estimation applications. Test case comparisons between visual sightings and acoustic position estimates are important for efforts to improve integration of visual and acoustic methods.
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Preparation and planning for the 2011 DCL workshop, which will feature some of the data collected for this project in the localization dataset (as prepared by S. Martin).
